Spawning temperature preferences for sardine (Sardina pilchardus) in the eastern North Atlantic were determined from egg survey data. These were compared with climatological temperature cycles (19862 002) derived from satellite observations, by geographical region, to predict spawning seasons. Optimum spawning temperatures were determined as 14.0^15.08C from the English Channel to Portugal and 16.01 8.08C for all north-west African regions. Spawning seasons were closely related to the general latitudinal trend of the annual temperature cycle, with modi¢cation by upwelling in the western Iberian and northwest African regions. Some di¡erences between temperature-based spawning season predictions and ¢eld observations were related to variations in seasonal plankton production. Correlations in the annual timeseries of favourable spawning temperatures suggested relatively strong linkages between the southern areas from Portugal to Senegal. There was no consistent relationship between annual variations in extent of temperature-predicted spawning seasons and observed ¢eld abundance of eggs.
INTRODUCTION
Temperature in£uences many aspects of spawning in marine ¢sh, as well as being related to subsequent survival of eggs and larvae (Heath, 1992) . Sardine (Sardina pilchardus Walbaum, 1792) in the eastern North Atlantic spawn over an extensive geographical range, from northwest Africa to the British Isles, and experience a variety of oceanographic conditions, from temperate shelf seas to sub-tropical upwelling, at temperatures from 5108C to 4228C. Furthermore, small pelagic species, such as sardine, are particularly sensitive to temperature change, which is re£ected in varying historical distributions (e.g. Alheit & Hagen, 1997) . It was in this context that the present study was initiated, the aims being: (1) to determine the regional temperature preferences for sardine spawning; (2) to relate spawning times to regional temperature cycles; and (3) to examine the potential in£u-ence of inter-annual temperature variation on spawning. This work forms part of a larger study (SARDYN) on population structure of sardine in the eastern North Atlantic.
MATERIALS AND METHODS

Sea-surface temperature (SST) and chlorophyll-a
The SST (1986^2002) from the National Oceanic and Atmospheric Administration/National Aeronautics and Space Administration 5-channel AVHRR (advanced very high resolution radiometer) Ocean Path¢nder dataset (Vazquez et al., 1995) and chlorophyll-a (19972 002) derived from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) using the OC4 algorithm (O'Reilly et al., 1998) , were used to construct monthly climatologies. Data were extracted for 585 adjacent pixels along a 5400 km mid-shelf line between the coast and the 200 m isobath from 15 to 508N ( Figure 1) ; data along this line were taken as representative of environmental conditions for the predominantly on-shelf spawning distribution of sardine. The line was sub-divided into eight bio-physical 'areas' based on a combination of criteria, including temperature and oceanographic regime, sardine spawning biology, egg survey regions and ¢sh-eries divisions (Figure 1 ).
Spawning temperatures
Characterization of sardine spawning temperatures was based on the data sources listed in Table 1 . These include results from vertical and oblique net tows for annual spawning stock egg surveys o¡ Portugal, northern Spain and in eastern Biscay. For the English Channel area, the data are monthly means of routine weekly egg sampling at the western English Channel time-series Station L5 . For the north-west African areas there were insu⁄cient data for objective calculation of parameters; hence a subjective estimate was used, based on available published information (see Appendix).
RESULTS
Spawning temperatures
Based on temperature weighted by egg abundance at each sampling station, the calculated mean, optimum (de¢ned as the temperature range including 50% of egg abundance) and overall (de¢ned as the temperature range including 95% of egg abundance) spawning temperatures by area are listed inTable 2 and plotted in Figure 2 . The following quali¢cations on potential bias are noted:
Results for the English Channel are based on data from a single station, whereas for eastern Biscay, northern Spain and Portugal, the data are from egg surveys with more representative wider geographical coverage.^Y ear-round time-series sampling, as for the English Channel data, will tend to give a wider overall spawning temperature range than values in the other areas, which are derived from egg surveys con¢ned to a few months of peak spawning.
The eastern Biscay sampling is targeted on anchovy (Engraulis encrasicolus), which spawns later and in warmer conditions than sardine; hence, with a potential positive bias in the derived temperature parameter values for sardine in that area; additionally, these data were available for a short series of years only.
The values for the four north-west African regions are estimates based on limited sampling.
Relationship of spawning to regional temperature and production cycles
Considering the above quali¢cations on bias and representation of the di¡erent data sets, a generalized set of values for spawning temperatures were concluded for areas 1^4 (north-west Africa) and areas 5^8 (Portugal to the English Channel), respectively, as: (a) optimum ranges of 16.0^18.08C and 14.0^15.08C; and (b) overall ranges of 15.5^20.08C and 12.5^17.08C. These ranges are plotted in Figure 3 with the corresponding climatological temperature and chlorophyll-a cycles, in order to identify the timing of potential spawning seasons ( Figure 4 ) and their relationship with production levels.
The series of temperature cycles ( Figure 3A) show the general latitudinal trend of increasing temperature towards the equator, with variations by area due to modi¢cation by regional oceanographic conditions, principally the timing and extent of upwelling (see Wooster et al., 1976 and Roy et al., 1989) . Considering the three most northerly areas, the cooler conditions in the English Channel are evident, compared with the two similar annual cycles, but with increased summer warming (DT478C), in eastern Biscay and o¡ northern Spain; this di¡erence is due to the less extensive seasonal strati¢cation in the English Channel. Relatively low seasonal warming (DT $48C) is seen o¡ Portugal and southern Morocco; both these areas experience moderate summer upwelling, which reduces peak summer temperatures. In the intervening area of northern Morocco and the Bay of Cadiz, the temperature range is slightly increased (DT $68C) due to rather weaker summer upwelling. O¡ western Sahara, upwelling occurs throughout the year, which reduces the overall seasonal variation (DT $48C).
A relatively stronger seasonal signal (DT 478C) reappears at the most southerly area, o¡ Mauritania and Senegal, where upwelling occurs in the winter only, hence reducing temperatures at that time but not in the summer, resulting in an increased overall seasonal temperature range.
Comparison with the seasonal patterns of chlorophyll-a ( Figure 3B ) shows high chlorophyll concentrations (51 0 mg m À3 ) in the southern areas of intense upwelling from southern Morocco to Mauritania and Senegal. The summer chlorophyll peak o¡ southern Morocco and western Sahara corresponds to summer and all-year round upwelling, respectively, coupled with higher summer temperatures. The winter peak of chlorophyll o¡ Mauritania and Senegal is related to the winter upwelling season. Slightly elevated chlorophyll levels are seen o¡ Portugal where there is only relatively weak upwelling. At the northern end of the spawning distribution, in Biscay and the English Channel, chlorophyll levels were consistently low, particularly o¡ the coast of northern Spain, with little seasonal signal (recognizing that the SeaWiFS chlorophyll data are from the surface layer only, and will not record sub-surface concentrations).
Based on coincidence of the annual temperature cycles and the optimum and overall spawning temperature ranges ( Figure 3A) , the predicted spawning seasons (Figure 4 ) are: English Channel (Area 8)ösummer through autumn from May to November with summer and autumn peaks; eastern Biscay and northern Spain (Areas 6 and 7)ötwo clear seasons in spring/early summer from April to June, and late autumn (OctoberD ecember); Portugal (Area 5)öa single extended season in winter/spring/early summer from October to May/ June; northern Morocco (Area 4)ötwo seasons, in late autumn/early winter (September^December) and late spring/summer (March^July), with a notable gap in favourable temperatures in late winter (in part, a possible artefact from the shift in the derived generalized temperature ranges between Areas 4 and 5); southern Morocco (Area 3) and the western Sahara (Area 2) both have favourable conditions for much of the year outside the Sardine spawning temperature S.H. Coombs et al. 1247 Journal of the Marine Biological Association of the United Kingdom (2006) Figure 2. Spawning temperature parameters by area (see Table 1 for data sources). The black dots indicate mean spawning temperatures and the shaded boxes and vertical lines the optimum (50%) and overall (95%) spawning temperature ranges, respectively. . Seasonal extent of optimum (50% rangeöshaded areas) and overall (95% rangeöopen areas) spawning temperatures, derived from Figure 3A for the eight areas along the mid-shelf line shown in Figure 1 .
period of highest temperatures in late summer/autumn (August^October), with most favourable conditions occurring in winter/spring (January^May); in the most southerly area, Mauritania and Senegal (Area 1), temperature falls to within the overall range in winter/spring (December^May) but remains above the optimum range.
Interannual variation in extent of spawning temperatures
The inter-annual variability in number of days that temperatures fell within the optimum or overall spawning ranges is shown in Figure 5 .
Western Sahara (Area 2), and southern and northern Morocco (Areas 3 and 4) had the longest extents of both optimum and overall temperature ranges (typically, 120 and 270 days, respectively), with markedly lower durations for both ranges in the most southerly area of Mauritania and Senegal (Area 1). A declining trend in the number of days in the overall spawning temperature range is observed for Mauritania and Senegal. The three most northerly areas, northern Spain (Area 6), eastern Biscay (Area 7) and the English Channel (Area 8), all had consistently low durations of optimum spawning temperatures (typically 30 days), with longer and more variable extents Sardine spawning temperature S.H. Coombs et al. 1249 Journal of the Marine Biological Association of the United Kingdom (2006) Figure 5 . Annual variation by area (see Figure 1 ) in the numbers of days which fell within the optimum or overall temperature ranges for spawning. Table 3 . Correlations between areas (see Figure 1 ) over the period 1985^2002 for the annual number of days in (A) the optimum spawning temperature range and (B) the overall spawning temperature range. Values signi¢cant at 5% are indicted by asterisks.
A. Optimum temperature range. 
DISCUSSION
Spawning seasons
The predictions of spawning seasons based on average annual temperature cycles are generally consistent with ¢eld observations, although with some di¡erences: for example, in the English Channel, ¢eld sampling shows a marked reduction in egg abundance in August and September (Coombs et al., 2005) , which is less evident in the temperature-based predictions; in Biscay, a de¢nite autumn season from October to December is predicted from the temperature data, while only rather low and sporadic autumn spawning has been reported for this area (e.g. Sola¤ et al., 1990) ; ¢nally, for the north-west African regions, the predicted spawning seasons imply a rather more coherent pattern than occurs in reality, due to spatial and temporal variability in upwelling and topographic in£uences of coastal capes and bays on the current system (Binet, 1988; Ettahiri et al., 2003) .
Part of the di¡erence between predictions and observations may be due to bias in the parameterizations of spawning temperatures: in some areas data were available from year-round sampling at a single station, whereas in others there was wide geographical coverage, but restricted in seasonal extent (see comments in Results section); o¡ north-west Africa there was a particular shortage of extensive ¢eld data. Additional factors include the potential bias in characterizing spawning temperatures using data along the mid-shelf line and the in£uence of the selected area boundaries. The possibility of di¡erent 'races', with di¡erent temperature adaptations, spawning at di¡erent times of the year is also a consideration, although genetics studies within the SARDYN project have indicated mostly a general cline in genetic characteristics with distance, rather than discrete populations; based on these genetics results, the most evident population break was in northern Morocco (Area 4), which is reasonably consistent with the inferred separation of European and north-west African areas on the basis of preferred spawning temperatures.
Otherwise, di¡erences between the temperature-based spawning predictions and ¢eld observations may be related, in part, to variations in seasonal plankton production, on the basis that food availability can in£uence both spawning incidence of the adults (Peebles et al., 1996) and survival of the young stages (Heath, 1992) . For the English Channel, the reduction in observed summer spawning, when temperatures are within the spawning range, can be associated with the dip in zooplankton abundance between the spring and autumn peaks (although this is not an invariable feature, see plankton time-series for the western English Channelöhttp://www.pml.ac.uk/L4). Conversely, in eastern Biscay the relatively low level of observed autumn spawning relates to the single plankton production season from March to July (e.g. Valde¤ s & Moral, 1998) .
However, sardine spawning is clearly not closely tied to plankton production and can have a variable relationship from area to area. From Biscay northwards, the seasonal occurrence of suitable spawning temperatures tends to coincide with increased seasonal plankton production. In the central regions o¡ Portugal and Morocco, the winter months of suitable spawning temperatures, when there is maximum water column stability and minimum o¡shore transport, are outside the main plankton production period. At the southern end of the distribution, o¡ western Sahara, Mauritania and Senegal, spawning is forced to times of upwelling to provide su⁄ciently low temperatures, but with coincident high production.
Inter-annual changes
The strong links in year-to-year spawning temperatures from Portugal to Senegal re£ect a common oceanographic situation in the Canaries current/upwelling dominated system. Around Biscay, there is a weaker grouping of areas associated with a southern gyre of the North Atlantic Current (Pingree, 1993) and less dominant physical forcing.
Comparisons of predicted annual spawning success against observed stock indices are complicated by unknown links between spawning stock size, egg production and subsequent survival and year-class strength. This may account for the lack of any close agreement in the present study between annual variations in spawning temperature extents and observed ¢eld abundance of eggs from time series sampling in the English Channel or from egg surveys in Biscay and western Iberia (ICES, 2005 and preceding reports) .
Trends in the annual time-series of spawning temperature extent, which are essentially re£ections of oceanographic conditions, are perhaps more likely to be re£ected in ¢sheries/egg sampling data than individual annual variations. This is evident o¡ northern Morocco where a declining trend in wind speed and upwelling through the 1970s and 1980s (Kifani & Gohin, 1992) has favoured increased winter spawning, which is consistent with the increasing trend in extent of optimum spawning temperatures for that area. However, a con£icting relationship is observed for the most southerly area of Mauritania and Senegal, which is generally beyond the southern limit of sardine spawning. This region has become increasingly favoured for spawning due to intensi¢cation of the trade winds and consequent upwelling of cool water through the 1970s and intermittently to 2003 (John et al., 1980; Binet, 1988; FAO, 2003) , although a converse declining trend is seen in the present study in the number of days of spawning temperatures in the overall range. The lack of any consistent relationship is reinforced by observations of declining trends in spawning in Biscay and o¡ Portugal through the 1990s (Stratoudakis et al., 2003) , but with no equivalent trends in the present analysis of the annual extent of optimum or overall spawning temperatures.
This work was carried out as part of the EU SARDYN project (Q5RS-2002-000818) , which is a⁄liated to the GLOBEC/ SPACC initiative; additional support was provided by Defra and the MECN and MARCLIM programmes. All participants in SARDYN are thanked for their contributions in supplying data, assisting with analyses and commenting on the results. The assistance of Dr A. Southward in accessing the L5 data is appreciated. The authors thank the NOAA/NASA Path¢nder project for the provision and maintenance of the global SSTdataset. The SeaWiFS data were obtained from the Goddard DAAC and use of these data are in accordance with the SeaWiFS Research Data Use Terms and Conditions Agreement.
Appendix. Spawning conditions and temperatures o¡ north-west Africa.
Regular sardine spawning occurs o¡ north-west Africa, from the Strait of Gibraltar through Morocco and western Sahara as far as Cap Blanc ($218N). South of this, o¡ Mauritania and Senegal, spawning is relatively infrequent, depending on periods of cooling related to increased northerly wind stress and upwelling (e.g. John et al., 1980; Binet et al., 1998) .
Seasonal changes in the trade wind a¡ects the entire coastline from Senegal to north-west Spain, causing seasonal upwelling, mainly in the spring/summer in the north, and in the winter in the south; relatively continuous upwelling occurs all year round in the central region o¡ northern Mauritania and western Sahara (e.g. Wooster et al., 1976) . Upwelling conditions introduce cooler water which can be either favourable (for example, o¡ Senegal where temperatures are lowered to within the preferred range for spawning) or unfavourable (for example, in spring o¡ Morocco where upwelled water reduces temperature below the preferred range).
O¡ Morocco and the northern half of western Sahara, the main spawning season is in the winter (NovemberM arch; Furnestin, 1955; Sedletskaya, 1973; Roy et al., 1989) thus avoiding the most intense (April^October) upwelling period (Binet, 1988) . Furnestin & Furnestin (1959) summarized seven years' data o¡ Morocco showing this variability, with the main spawning season being in the winter and, to a lesser extent, in the spring.
O¡ the southern half of western Sahara and northern Mauritania, upwelling occurs all year round. Some spawning takes place in April/May but is more intense in October^December after the main upwelling period (Wooster et al., 1976; Roy et al., 1989) . However, spawning periods and location may vary from year to year depending on environmental conditions (Ettahiri et al., 2003) .
O¡ southern Mauritania the main peak of spawning is in January/February, within the extended period of winter/spring upwelling (November^June).
The duration of the upwelling season decreases from six months o¡ northern Senegal (November to May) to one month o¡ southern Senegal (January). The presence of some ripe female sardines caught in January^March o¡ Senegal (Binet et al., 1998) , indicates that spawning does occasionally occur this far south, and at least in the spring.
Typical spawning temperatures are in the range 151 88C, and occasionally as high as 208C (see below). This range is above the lower end of spawning temperatures recorded in Biscay and further northwards, where eggs are commonly found at temperatures 5148C. Furnestin & Furnestin (1959 , 1970 suggest that, o¡ Morocco, spawning is weak in cold winters (5168C) and plentiful in warm winters (16^17.68C).
Recorded spawning temperatures o¡ north-west Africa
14^208C
Furnestin, 1950 14.5^18. 78C Furnestin, 1955 15.5^17. 18C Binet, 1988 Ettahiri, 1996 (cited in Ettahiri et al., 2003 
